Understanding the mechanisms that control critical biological events of neural cell populations, such as proliferation, differentiation, or cell fate decisions, will be crucial to design therapeutic strategies for many diseases affecting the nervous system. Current methods to track cell populations rely on their final outcomes in still images and they generally fail to provide sufficient temporal resolution to identify behavioral features in single cells. Moreover, variations in cell death, behavioral heterogeneity within a cell population, dilution, spreading, or the low efficiency of the markers used to analyze cells are all important handicaps that will lead to incomplete or incorrect read-outs of the results. Conversely, performing live imaging and single cell tracking under appropriate conditions represents a powerful tool to monitor each of these events. Here, a time-lapse video-microscopy protocol, followed by post-processing, is described to track neural populations with single cell resolution, employing specific software. The methods described enable researchers to address essential questions regarding the cell biology and lineage progression of distinct neural populations.
Introduction
In order to develop new and more effective therapeutic strategies to regenerate neural populations, we must first understand the basic mechanisms that maintain cells with a regenerative neural potential. Pursuing this goal requires a comprehensive knowledge of the factors that regulate the balance between quiescence, proliferation/differentiation, the mode and timing of division, cell cycle length, migratory capacities, viability, etc. Although it is a technical approach that has been employed for many years 1 , live imaging and direct observation still remain the best option to monitor the events listed above. As opposed to many other approaches centered on end-point readouts, live imaging and single cell tracking provide information throughout the length of an experiment 2, 3, 4, 5, 6 . Thus, the addition of temporal resolution allows cell death, heterogeneous cell behavior, or cell fate decisions, as well as many other critical events to be identified that might otherwise pass unnoticed. Ideally, these features of cells should best be monitored at the single cell level in vivo, where both intrinsic (cell autonomous) and extrinsic (cell niche) cues are taken into account.
However, although in the in vitro situation events occur in an environment that does not reproduce the natural milieu, the low-density culture conditions typically used in these protocols are more suitable to reveal intrinsic characteristics of the cells. Moreover, a more simplistic control of the surrounding milieu, by simply modifying the growth medium, may constitute a valuable tool to investigate the individual role of each extrinsic factor that defines the neural niche, as well as environmental factors that may be induced in pathological scenarios
Protocol
The following sections describe the steps required to perform live imaging followed by single cell tracking of multiple neural populations ( Figure  1) . All the procedures involving animals described in this protocol must be carried out in accordance with the guidelines of the International Council for Laboratory Animal Science (ICLAS). Once the cells are firmly attached to the plate (2 h after plating), use a permanent marker pen to make a small mark on the bottom of one well that will not be used for tracking, i.e., a well that does not contain cells. NOTE: This mark will be used as a reference to zero the xyz coordinates, and it can be used at any time during or after the experiment, or between the changes of medium, to return to the zero position. 3. Place the plate inside the microscope's incubation chamber and firmly attach the plate to the stage to avoid any undesired movement during the displacement of the microscope's motorized stage. 4. Allow the temperature of the cell culture medium to equilibrate in the chamber for approximately 20 min. This step will avoid a loss of focus during the recording due to the dilation of components. 5. Start the live-imaging software and select the time-lapse module to set up the experiment. 6. Set the total duration of the experiment and the image acquisition cycles in the "time-schedule tab menu". Due to the inherent phototoxicity of the transmitted or fluorescence light used, define an adequate interval to balance between the temporal resolution of the analysis and the potential cell death. NOTE: For example, a total of 120 h was selected for aNSC cultures, acquiring brightfield pictures every 5 min. Consider that the acquisition of 120 h of a single movie in this configuration will require 120-150 gigabytes of free storage space in the computer device. 7. Select the image positions defined by the x and y coordinates, and the focal distance (the z coordinate) in the "xyz points tab menu". Include the reference point (xyz zero coordinate) as the initial position in order to retrieve the coordinates at any time. 8. Select the type of acquisition in the "wavelength selection tab menu", brightfield only or in combination with epifluorescence excitation when required. Select the exposure time. Bear in mind that over-exposure to transmitted, and especially fluorescent light, may compromise cell viability (as indicated above). 1. For aNSCs, cerebellar astrocytes, and N2a cells, select brightfield (10-50 ms exposure time). 2. For transduced cortical astrocytes select brightfield (10-50 ms exposure time) in combination with red/green fluorescence, depending of the reporter used for the experiment (red excitation wavelength: 550 nm and 400 ms exposure time; green excitation wavelength: 460-500 nm and 100 ms exposure time).
9. Define the name of the experiment and the folder where the images will be stored. Save the list of positions to reload the experiment at any time, and once all the conditions have been set, run the experiment by clicking on the "run now" button. 10. Pause the experiment and re-adjust the focus conditions clicking the "overwrite z button" once per day until the experiment is completed. If changes in the medium are required during the live imaging, pause the experiment and retrieve the plate from the time lapse chamber. Next, change the medium under sterile conditions and place the plate back to the stage (see step 2.3). Re-adjust the focus conditions and resume the experiment. NOTE: The changes in pH of the medium due to cell death or over-proliferation, as well as variations in room temperature, may affect the correct focusing of the microscope on the cells. For sensitive cultures (such as aNSCs) we recommend the use of medium supplemented with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (final concentration: 1 mM).
5. Wash three times with 1 mL of PBS and add 250-400 µL of the secondary antibodies solution (diluted as described in step 3.4). Secondary antibodies used in the experiments described here: Anti-Mouse Fluorescein (FITC) (1:800), Anti-Rabbit Cy3 (1:500). Incubate 1 h at RT in the dark. 6. Wash three times in 1 mL of PBS. Keep the cells in 1 mL of PBS for the subsequent steps of the protocol. 7. Place the plate back on the microscope stage and firmly attach it to the stage to avoid undesired movement during the displacement of the motorized microscope stage. 8. Retrieve the xyz zero position using the mark made in step 2.2 and re-set the positions to this reference point by pressing the "Offset All X, Y, Z" button. Re-set the focal distance for each position. 9. Acquire a final round of images, configuring the conditions necessary for fluorescence emission in the "wavelength selection tab menu" in order to detect the antigens previously targeted in the PICC. 1. Briefly, in addition to brightfield, activate FITC (Excitation: 495 nm) and Cy3 (Excitation: 550 nm) acquisition options in the software. Use 10-50 ms for brightfield 400 ms exposure to detect the fluorophores and press the "1 time loop" button, to acquire a final round of pictures. NOTE: The intensity of the fluorescence may differ depending on the PICC outcome. Adjust the exposition time in order to obtain the optimal image quality.
10. Select the software's file/export option and export the pictures in Tagged Image File Format (Tiff) or Joint Photographic Experts Group format (Jpeg) to a pre-defined destination folder. 11. Convert the images exported to the format required by the tracking software: The Tracking Tool 17 (tTt). To achieve this, define the input and output folder in the "tTt Converter tool" operating window, as well as the markers used for the positions (xy), channels (c), and time-points (t), and press the "convert images" button. NOTE: The images must be renamed in accordance with the specific settings and they must be stored in individual folders for each position used in the experiment. Instructions for the installation, requirements, renaming of positions/images, and the use of the tracking tool are available for download at: https://www.bsse.ethz.ch/csd/software/tTt-and-qtfy.html.
Single Cell Tracking
1. After renaming the data, run the tTt software. Select a user name and tTt work folder. NOTE: The tracking tool work folder will hold all the analyzed data and the exported results. The work folder must be named tTtexport, containing subfolders named "AVIexport", "Configs", "TreeExport", and "tTtfiles". 2. Select the experiment to be loaded in the "select experiment folder window", indicating the folder path where the experiment is stored, and then click the "Load experiment" button. 3. Run the log file converter to transform the loaded images into a format that can be read by the tracking software (for experiments loaded for the first time, this will be requested automatically by the software). 4. Select a position for tracking by clicking on its symbol (after conversion, an overview of the positions recorded during the experiments will be displayed in the "position layout window"). Each position will be represented by a symbol consisting in a picture of the position and its corresponding number (see Figure 1 ). 5. Once the position has been selected and a list of the images available is displayed on the right of the "position layout window", select them and click the "Load images" button. 6. Once loading is complete and the "Cell Editor Window" appears, select the wavelengths and image interval to be tracked in the "Cell Editor Window". Wavelength 0 corresponds to brightfield, 1 corresponds to FITC, 2 to Cy3, and 3 to DAPI. In the experiments described here, interval 1 was used, i.e., all images loaded. To clarify, interval 2 means loading of every second image. 7. Once the images have been loaded, go back to the "position layout window" and double-click on the icon representing the previously loaded position. The "Movie Window" will appear that allows the single cell tracking to be performed. 8. Following the Tracking Tool instructions, proceed to tracking. Select the 0 channel (corresponding to brightfield), and adjust the brightness and contrast ("adjust gamma button"). Start the tracking by pressing the F2 key. NOTE: During tracking, the tracked cell will be followed by placing the mouse pointer on it and pressing the "0" key. The cell division, cell apoptosis and lost cell buttons are available to monitor these specific cell events. As the experiment is tracked, each of these options will be automatically displayed in the lineage tree drawn in the "cell editor window" as the experiment is being tracked. 9. Once the clone is tracked, match the brightfield pictures with the immunofluorescence images obtained by PICC to identify the nature of the cell progeny. Each epifluorescence channel will be represented in the "Movie Window" (channel 1, 2, etc.).
Final Outcome
1. Once single cell tracking has been completed and the progeny identified, save the experiment (Cell Editor Window/File tab/ Save current tree as) and proceed to export the results. 2. Export the lineage trees and cell data in the "Export menu" located in the "Cell Editor Window". Likewise, export the cell images and movies via the "Export menu" accessible through the "Movie Window". The images, lineage trees, data, and movies will be exported to the tTt work folder. On the right, the lineage tree generated by the tTt software is displayed. In all the lineage trees: "N" depicts post-mitotic neuroblasts; "G", quiescent GFAP-positive cells; "X", cell death; and "?" a lost cell. Scale bar represents 50 µm. Please click here to view a larger version of this figure.
Live imaging and single cell tracking analysis also provides an accurate readout of the migratory capacities of a neural population. Such information was obtained from postnatal cerebellar astrocytes submitted to a scratch wound assay 20 , generating information regarding the average distance traveled by the astrocytes when closing the wound (Figure 3 ). Moreover, it was possible to see that some of the astrocytes divided during the healing process, while others remain unaltered throughout the experiment. Strikingly, those that divided seem to exhibit more prolific migratory behavior than their non-dividing counterparts (traveling twice as far on average). This phenomenon suggests a very interesting heterogeneity in the astrocytes capacity to form a scar upon injury, which would have been diluted out in the read-out of a classical end-point analysis experiment. Finally, live imaging and single cell tracking is extremely useful to monitor morphological and molecular changes when cells are submitted to reprogramming. Live imaging of postnatal astrocytes transduced with Achaete-scute homolog 1 (Ascl1) provides valuable data regarding the morphological changes that occur during reprogramming or the blockage of cell division when astrocytes are being reprogrammed (see Figure  5) . Moreover, when Ascl1 transduction is combined with the transduction of a construct encoding for Green fluorescence protein (GFP) under the control of the Double Cortin (DCX) promoter, it is possible to define the precise time point when neuronal specific markers begin to be expressed in the reprogrammed cells ( Figure 5) . Time-lapse video-microscopy also allows the number of cells that successfully complete reprogramming to be quantified and compared to the cells that die during this process. Monitoring such events led to the identification of the critical "checkpoints" in the cells that were successfully reprogrammed
